Abstract. The fast-response resonance fluorescence instrument for the airborne measurement of carbon monoxide described by Gerbig et al. [1996] was modified by implementing an improved optical filter with more efficient optics and an optimized resonance lamp. Besides reductions in size and weight, the new instrument achieves a sensitivity 10 times higher, a lower background (65 ppb compared with 250 ppb), and a faster time response (<0.1s) than the original instrument. The precision is _+ 1.5 ppb at an atmospheric mixing ratio of 100 ppb CO, and the detection limit is 3 ppb (20-) for an integration time of 1 s. First results from the North Atlantic Regional Aerosol Characterization Experiment (ACE-2) campaign during July 1997, when the new instrument was deployed aboard the U.K. Meteorological Office C-130 aircraft, are used to demonstrate the performance of the new instrument. . These authors concluded on the basis of laboratory experiments and theoretical considerations that a large fraction of the observed background signal, which determines the achievable precision and detection limit, was not due to stray light, e.g. from the walls of the fluorescence chamber, but originated from continuum resonance Raman scattering by oxygen molecules. This finding put a new light on the required reduction of stray light as originally proposed by Volz and Kley [1985] and opened the door for a redesign of the instrument in order to improve its performance. A further reason for the redesign was to make the technique available to a wider scientific community, which was realized in the framework of a technology transfer contract. In this paper the new instrument is described, and a few examples of measurements over the Atlantic during ACE2 are shown to illustrate its performance.
Introduction
Carbon monoxide has a strong influence on global tropospheric chemistry [Fishman and Crutzen, 1978] . Anthropogenic emissions constitute a major source of CO in the troposphere [Seiler, 1974; Logan et al., 1981] . Further sources are the oxidation of methane and hydrocarbons, as well as biomass burning [Crutzen and Andreae, 1990] . Because of its photochemical lifetime of about 1 month in summer and its insolubility, CO is an excellent tracer for investigating the transport of polluted air masses into cleaner regions [Fishman and Seiler, 1983 ; Parfish et al., 1993]. Because of the stratosphcric sink of CO it can also be used to identify air masses of stratosphcric origin [Hipskind et al., 1987] . A large fraction of the transport of polluted air masses may occur above the planetary boundary layer (PBL), originating from exchange processes such as convection between the polluted PBL and the free troposphere [Pickering et al., 1992] . Thus aircraft measurements are needed in order to obtain a better experimental database for estimating the total amount of ozone and precursors that are transported from continental sources into remote regions.
Techniques that have been used for in situ measurement of CO aboard aircraft are (besides gas chromatography [see Marenco, 1989] , which provides only a discontinuous record) the HgO method [Seiler et al., 1980] , infrared absorption by gas filter correlation (GFC) or nondispersive infrared spectroscopy (NDIR) [Dickerson and Delany, 1987] The VURF instrument that was originally built for balloonborne measurements of stratospheric CO [Volz and Kley, 1985] was flown successfully aboard the Hercules C-130 after several modifications [Gerbig et al., 1996] . These authors concluded on the basis of laboratory experiments and theoretical considerations that a large fraction of the observed background signal, which determines the achievable precision and detection limit, was not due to stray light, e.g. from the walls of the fluorescence chamber, but originated from continuum resonance Raman scattering by oxygen molecules. This finding put a new light on the required reduction of stray light as originally proposed by Volz and Kley [1985] and opened the door for a redesign of the instrument in order to improve its performance. A further reason for the redesign was to make the technique available to a wider scientific community, which was realized in the framework of a technology transfer contract. In this paper the new instrument is described, and a few examples of measurements over the Atlantic during ACE2 are shown to illustrate its performance.
The New Instrument
The new instrument is shown schematically in Figure 1 . It consists of the same principal components as the old instrument, namely, a resonance lamp excited by a RF discharge, an optical filter for selection of the appropriate wavelength interval around 150 nm, which images the lamp into the RF chamber, where the fluorescence is viewed at a right angle by means of a photomultiplier tube (PMT) with suprasil optics. The optical filter is completely revised. Instead of using the imaging properties of the grating, the discharge volume of the CO lents (i.e., divided by the sensitivity), the background signal decreased to a value of 65 ppb, compared with 250 ppb for the version of the instrument described by Gerbig et al. [1996] . Reasons for the decrease of the background expressed in CO equivalents are the better discrimination of radiation in the wavelength region above 160 nm due to the narrower bandwidth of the filter (see Figure 2) , and the better geometry of the imaging system leading to reduced stray light. Flushing is necessary to avoid absorption of the radiation by the Schumann-Runge continuum of molecular oxygen or by impurities, in particular CO. The optical filter is made from brass that is coated black by a layer of CuO instead of using organic dyes for blackening.
The better imaging properties of the new optical filter allow for additional improvements concerning the dimensions of the light source and the PMT. Instead of the original front end PMT (0.5 inch or 1.27 cm diameter) a small side-on PMT is used (quantum efficiency 35% at 180 nm, dark count rate 20 cps), and a capillary discharge is used for the light source, providing a higher flux density and similar dimensions to the photocathode of the PMT.
The discharge volume of the lamp is imaged (1:1) into the fluorescence chamber by the f/1.8 optics of the optical filter. To make use of the better geometry of the focus within the fluorescence chamber, the imaging optics for the fluorescent radiation are changed from a single suprasil lens (1:1 image) to a combination of two suprasil lenses (2:1 reduction).
The combination of the above described changes increased the sensitivity of the instrument by a factor of 12 (f = 5 from the larger aperture of the optical filter, f = 2 from the improved PMT optics and the higher quantum efficiency, and the rest from the higher flux density of the lamp and reduced self-absorption in the discharge). The background signal increased only by about a factor of 3, leading to an increase in the signal-to-noise ratio by a factor of 5 (assuming a sample gas mixing ratio of 100 ppb CO). When expressed in CO equiva- 
Laboratory Tests (Operating Conditions)
The influence of pressure changes in the whole system is shown in Figure 3 . Since all flows are connected to the same pump, the pressure is the same for all volumes (i.e., fluorescence chamber, optical filter, and discharge lamp). The sensitivity shows a fairly broad maximum between about 7 and 11 mbar, while the background expressed in CO equivalents has a broad minimum between 5 and 7 mbar. This results in a broad 
Flight Setup and Performance Assessment
The setup used for the airborne measurements aboard the C-130 is shown in Figure 6 Changes in the temperature of the lamp and of the PMT also have an influence on the instrument's sensitivity. The photoemissive yield of the PMT's photocathode decreases with temperature due to enhanced interaction of the photo electrons with lattice photons, which leads to increased loss of energy [Spicer and Wooten, 1963] . Laboratory testing showed a temperature dependence of -0.9%/øC for the PMT sensitivity, which is higher than the manufacturer's specification of -0.2%/øC. The temperature of the lamp has an influence on the sensitivity due to Doppler broadening of the lines and changes in the rotational distribution of the CO emission. More importantly, however, the output power of the radio frequency circuit used for excitation of the discharge in the lamp decreases significantly with increasing temperature. Therefore the lamp and PMT module are thermostatted at a 
Performance of the New Instrument
In Table 1 In-flight calibrations and zeros lasting roughly 90 seconds were routinely performed about every 30 minutes. The behavior of the sensitivity and the background during the whole ACE-2 campaign and during the subsequent intensive flying periods (TACIA and ACSOE) is shown in Figure 7 , as a function of accumulated flight hours. A slow decrease by a factor of 2 can be seen during the first 140 flight hours, which correspond to about 200 hours of operation including ground tests and pre flight preparations. The decrease of sensitivity was caused by a degradation of the lamp window. After replacement of the window, the sensitivity was restored to the original value. In addition, the sealing rings were replaced and the lamp was cleaned. No decrease of sensitivity was observed during the following intensive flying campaign. The total range in sensitivity and background changes for the individual flights were 8% and 3.5 ppb, respectively. Since the changes occur slowly, however, the deviation of the sensitivity and background from their interpolated value between consecutive calibration cycles are only _+1.3% and 0.9 ppb, respectively. 
Conclusions
The new VURF instrument achieves a 5 times higher precision and a better time resolution (<0.1s) and is smaller in size and weight than the previous version. Data from flights during ACE-2 prove that the new instrument is able to resolve small scale natural variations in the CO mixing ratio with differences of 10 ppb within a second. The precision and time resolution of the new VURF instrument is comparable to that reached with TDLAS. Advantages of the VURF instrument, in particular for airborne measurements, are its smaller space and weight combined with less logistic demands compared to TDLAS.
